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ABSTRACT: There is a need to develop more Earth abundant, less toxic, and more environmentally stable solar absorb-
ers as the market demand for solar cells increases. Wittichenite (Cu3BiS3) is a sulfosalt mineral that belongs to the 
Cu3MCh3 (M = Sb, Bi; Ch = S, Se) family of materials. Cu3BiS3 contains bismuth, a non-toxic heavy metal that has a 6s2 
electronic structure akin to halide perovskites that have demonstrated excellent properties, and the sulfosalt crystallizes 
in the P212121 space group with a near-optimal band gap for single junction thin film solar cells. We report the utility of 
thiol-amine solvent mixtures to dissolve inexpensive bulk CuO and Bi2S3 precursors to produce a free-flowing semicon-
ductor ink. Good quality and phase pure Cu3BiS3 thin films were solution processed from this ink upon mild annealing. 
The p-type thin films possess a direct band gap of 1.47 eV with a high absorption coefficient through the visible (~105 
cm–1), carrier mobilities in the range of 0.4-90 cm2 (V•s)–1, and a strong photoelectrochemical current response. The 
optoelectronic properties of Cu3BiS3 thin films deposited using this thiol-amine chemistry suggest it is a favorable can-
didate as a solution processable solar absorber. 

1. INTRODUCTION 
With the increasing demand for solar energy conversion, 
there is a need for more Earth abundant, less toxic, and 
more environmentally stable solar absorbers.1 State-of-
the-art photovoltaics, like CdTe and Cu(In,Ga)(S,Se)2 
(CIGS), have appreciable power conversion efficiencies 
>20%, but are made up of toxic (i.e., Cd) or low Earth 
abundance elements (i.e., In, Ga, Te).2,3 Recently, hybrid 
lead halide perovskite solar cells have demonstrated re-
markable power conversion efficiencies > 22%, but, aside 
from containing lead, they possess significant challenges 
due to their intrinsic environmental instabilities to air and 
moisture.4 Halide perovskite materials belong to a 
broader class of solar absorbers containing high-Z ns2 cat-
ions.4 Materials containing ns2 cations have been theo-
rized and demonstrated to have large band dispersions 
(good hybridization) that lead to high carrier mobility,5 
defect tolerance,6 and enhanced dielectric constants6 lead-
ing to improved carrier transport. 
 Chalcogenide solar absorbers containing ns2 lone 
pairs (e.g., those with Sn2+, Sb3+, Bi3+ cations) hold prom-
ise as photovoltaic materials, including SnS,7 CuSbS2,8 
and Sb2S3.9 Looking to other compositional variants of 

ns2-containing chalcogenide solar absorbers, there is 
promise within the Cu-Bi-S phase space, such as CuBiS2 
and Cu3BiS3.10 The Cu3MCh3 system (where, M = Sb, Bi 
and Ch = S, Se) is a potentially interesting material family 
for photovoltaic applications.11 Wittichenite, the known 
sulfosalt mineral phase (Strunz 2.GA.20) of Cu3BiS3, is 
thermodynamically stable due to its natural occurrence 
and crystallizes in the orthorhombic P212121 space 
group.12 The crystal structure is composed of trigonal py-
ramidal BiS3 units that have 6s2 lone pairs at the cap and 
are corner sharing with trigonal planar CuS3 units form-
ing continuous chains parallel to [001] and sheets normal 
to the [010] plane (Figure 1).12 Density functional theory 
(DFT) calculations suggest Cu3BiS3 has a higher absorp-
tion coefficient than either CIGS or Cu2ZnSnS4 (CZTS).13 
DFT also suggests that the valence band maximum 
(VBM) consists mostly of Cu d and S p states with little 
impact from Bi s states, while the conduction band mini-
mum (CBM) consists of mostly Bi p and S p antibonding 
states.11 Wittichenite contains bismuth, which is a green 
heavy element due to its low toxicity/environmental im-
pact and relative Earth abundance, where Bi reserves total 
370,000 tons whereas In reserves total 15,000 tons 
(>300,000 tons when considering Zn co-deposits or lower 



 

quality ores that are more difficult and expensive to ex-
tract).14-17 

 
Figure 1. Crystal structure of wittichenite Cu3BiS3 (space 
group P212121), from PDF exp. 43-1479. 

Thin films of wittichenite Cu3BiS3 have been depos-
ited by physical vapor deposition methods, including 
sputtering18,19 and thermal evaporation,11,20 but these 
methods are generally much more energy intensive and 
costly than solution processing.21 While Cu3BiS3 thin 
films have been solution deposited with non-vacuum 
based techniques, such as spray pyrolysis,22,23 electrodep-
osition,24,25 and chemical bath deposition,26,27 the solution 
deposition of Cu3BiS3 thin films is still challenged by the 
need for pre-synthesized, non-commercially available 
precursors,23 extra post-deposition sulfurization steps,24-
27 amorphous films,28 low absorption coefficients (<105 
cm–1),29 and/or films with high band gaps (>1.6 eV).22,30 
To overcome some of the general issues with solution 
processing of chalcogenides, our group reported a binary 
solvent mixture (termed an “alkahest”) comprised of thi-
ols and amines that dissolves in excess of 100 different 
bulk materials, including metals, metal oxides, and metal 
chalcogenides, to form solution processable semiconduc-
tor inks.31-37 A simple dissolve and recover approach can 
be used to produce chalcogenide thin films through solu-
tion deposition and mild annealing. In the absence of an 
external chalcogen source, the thiol acts as a competent 
sulfur source to produce polycrystalline metal sulfides. 
This thiol-amine method has been utilized for the solution 
deposition of both CIGS and CZTS solar cells with com-
petitive power conversion efficiencies.38-40 Here, we re-
port the utility of thiol-amine solvent mixtures to dissolve 
CuO and Bi2S3 precursors to form an ink, which was so-
lution processed to give phase-pure Cu3BiS3 thin films 
under mild annealing conditions. The thin films were as-
sessed as solar absorber layers with a combination of op-
tical, electronic, and photoelectrochemical measure-
ments. 

2. EXPERIMENTAL 

2.1 Reagents. 

Bismuth(III) sulfide (Bi2S3, 99.995%), copper(II) oxide 
(CuO, 99.99%), and 1,2-ethylenediamine (en, 99.5%) 
were bought from Sigma Aldrich. 1,2-Ethanedithiol 
(EDT, 98+%) was bought from Alfa Aesar. ICP standards 
for Cu and Bi (1000 ppm, 2% HNO3) were bought from 
Perkin Elmer. Europium(III) nitrate pentahydrate (99.8%) 
was bought from Strem. All reagents were used as re-
ceived. 
2.2 Bulk Precursor Dissolution. 
To generate the semiconductor ink, 18.1 mg (0.228 
mmol) CuO and 19.4 mg (0.038 mmol) Bi2S3 were dis-
solved in 0.1 mL EDT and 0.4 mL en with stirring at 30 
˚C for 10 h under air (1 atm). If the solvents solidified 
upon addition to the bulk solid precursors, gentle heating 
can be used to re-liquify the ink. 
2.3 Solution Processing. 
Thin films were solution processed by spin coating onto 
ca. 1 cm2 borosilicate glass, fluorine doped tin oxide 
(FTO), or silicon substrates that were pre-cleaned by bath 
sonication in acetone, isopropanol, and then ethanol (each 
for 10 min). The final ink (75 mg mL–1) was spin coated 
onto the substrate at 2500 rpm for 1 min under N2. The 
films were heated to 400 ˚C under N2 in between coats, 
and allowed to return to room temperature before the next 
layer was deposited. 
2.4 Property measurements. 
Conductivity measurements were performed on Cu3BiS3 
thin films (490 nm average thickness) deposited on a 1 
cm2 borosilicate substrates. Cu leads were attached to the 
four corners of the square thin film with colloidal Ag 
paste (Ted Pella, Inc.). A Quantum Design Physical Prop-
erties Measurement System (PPMS) regulated the thin 
film temperature and applied a magnetic field of 10000 
Oe. A Keithley 2182A nanovoltmeter and a Keithley 6220 
current source, controlled by a Keithley 7065 Hall effect 
card, were used to collect the conductivity data. Photoe-
lectrochemical measurements were performed with FTO 
slides (Sigma Aldrich) with a conductivity of ca. 7 Ω sq–
1 that were cut into 0.5´2.5 cm2 pieces and were cleaned 
as described above. Kapton tape was used to mask off a 
portion of the substrate for electrode contact. Films of 
Cu3BiS3 were prepared as described above. Silver paint 
was used to attach a silver wire to the unmasked FTO sub-
strate. Loctite epoxy was applied over the wire and 
around the edges of the film to mask these areas from so-
lution and the electrodes were allowed to dry for 24 h be-
fore use. Photocurrent response measurements of the 
Cu3BiS3 thin films were collected with a VersaSTAT 3 po-
tentiostat. The two-chambered glass photoelectrochemi-
cal cell contained a graphite rod counter electrode 
(Graphite Machining, Inc., Grade NAC-500 purified, 
< 10 ppm ash level), a Ag|AgCl (3 M KCl) reference elec-
trode, and a Cu3BiS3 thin film on FTO-coated glass as the 
working electrode. The working and reference electrodes 
were placed in one chamber, which is separated from the 
counter electrode chamber by a fine porosity glass frit. 
The electrolyte consisted of aqueous 0.1 M Eu(NO3)3 as 
the sacrificial oxidant. The solution was sparged with N2 



 

via bubbling for 10 min before the experiments, and then 
N2 was continuously flowed over the head space during 
the experiments. Simulated sunlight from an AM1.5G fil-
tered 300 W xenon arc lamp (Asahi Spectra HAL-320W) 
was used to illuminate the sample from dark conditions. 

3. RESULTS AND DISCUSSION 
3.1 Semiconductor ink preparation and conversion. 
To formulate the Cu3BiS3 semiconductor ink, as-pur-
chased bulk powders of CuO and Bi2S3 were mixed in a 
6:1 (mol/mol) ratio, respectively, and then dissolved in a 
mixture of ethanedithiol (EDT) and ethylenediamine (en) 
(1:4 vol/vol, respectively), with an overall solute concen-
tration of 75 mg mL–1. Different combinations of oxides 
and sulfides (e.g., Cu2O, Cu2S, Bi2O3) may also return 
phase pure Cu3BiS3, but CuO and Bi2S3 were chosen as 
bulk precursors due to these precursors yielding qualita-
tively better-quality thin films. The bulk powders of CuO 
and Bi2S3 both have approximate solubility limits in sol-
vent combination of 10-15 wt% at 25 °C (1 atm). The 
semiconductor ink was stirred at 30 °C for 10 h to yield 
an optically clear, free flowing, burnt orange solution that 
does not scatter light (Figure 2a). The resulting ink was 
stable and precipitate-free when kept under ambient con-
ditions for several days. 
 

 
Figure 2. (a) Semiconductor ink containing bulk CuO and 
Bi2S3 dissolved in a 1:4 (vol/vol) mixture of EDT and en 
next to a Cu3BiS3 thin film. (b) Thermogravimetric analysis 
trace of the dried ink demonstrating a decomposition end-
point of < 350 ˚C. (c) FT-IR spectra of the ink dried at 150 
˚C and a thin film heated to 400 ˚C confirming loss of or-
ganic species. 

 Thermogravimetric analysis (TGA) was used to de-
termine an endpoint of volatilization and decomposition 
for the solution deposited and dried ink. The dried ink be-
gins mass loss at ca. 150 °C and it was found that mass 
loss terminated < 350 °C (Figure 2b). The loss of the or-
ganic species upon annealing the dried ink from 150 to 
400 °C was corroborated using FT-IR spectroscopy (Fig-
ure 2c). IR bands were not observed in the dried ink 
above 3000 cm−1, where ν(N–H) stretches are expected, 
suggesting that en, or protonated ammonium species, may 
be mostly absent after heating the ink to 150 ˚C. The 
strong IR bands of EDT present in the dried ink (i.e., at 
2930 cm−1 ν(C−H), 1420 cm−1 d(CH2), and 675 cm-1 ν(C–
S)) are completely absent from the film after annealing to 
400 °C.35,37 

3.2 Cu3BiS3 thin films. 

To demonstrate the effectiveness of EDT-en to solution 
process high-quality Cu3BiS3 thin films, the ink was used 
to sequentially deposit three identical coats by spin coat-
ing with a 400 °C anneal between each coat. The solution 
deposition procedure returned dark gray, specularly re-
flective polycrystalline thin films of Cu3BiS3 that are free 
of pinholes, microcracks, and other imperfections (e.g., 
edge effects or striations). A cross-sectional scanning 
electron microscopy image of a Cu3BiS3 thin film formed 
by depositing three coats of the semiconductor ink on 
Si/SiO2 returns a 490 nm mean film thickness (Figure 
S1). 
 The dark gray material resulting from annealing to 
400 °C was phase pure orthorhombic Cu3BiS3, as con-
firmed by powder X-ray diffraction (Figure 3). Rietveld 
refinement of the resulting diffraction pattern using the 
orthorhombic P212121 space group returns lattice con-
stants of a = 7.70410(8), b = 10.41840(10), and c = 
6.71624(7) Å, with a unit cell volume of V = 539.075(6) 
Å3 (Table S1). The refinement was not improved with the 
addition of any additional ternary phases (i.e., CuBiS2) or 
binary phases of copper or bismuth sulfides, and the lat-
tice constants for Cu3BiS3 agree with the values for bulk 
wittichenite (i.e., a = 7.723(10), b = 10.395(10), and c = 
6.716(5) Å; V = 539.16 Å3).12 Raman spectroscopy cor-
roborated the single phase nature of the resulting Cu3BiS3 
thin film (Figure S2). Four Raman active modes were ob-
served at 150, 248, 278, and 468 cm–1, which match well 
with spectra previously reported for wittichenite.11,41-43 
Importantly, no Raman active bands were observed for 
any potential binary impurities of CuS,44 Cu2–xS,45 or 
Bi2S3,46 or potential ternary phases such as CuBiS2.47 
ICP-OES was used to assess the elemental composition 
of the solution processed films. By averaging four sepa-
rate analyses, the elemental stoichiometry of the resulting 
thin films was Cu2.84B1.00S3; this is in the range of copper 
deficiencies that have been previously published for 
Cu3BiS3.24,48 
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Figure 3. Rietveld refinement to the orthorhombic P212121 
structure of the powder X-ray diffraction pattern of phase 
pure Cu3BiS3. Open circles are experimental data, purple 
tick marks are individual reflections of the wittichenite 
structure, and the difference pattern is given in blue. (RWP = 
4.30%; G.O.F. = 2.14) 
 
 X-ray photoelectron spectroscopy (XPS) was em-
ployed to interrogate the valence states in our Cu3BiS3 
thin films. A fitting procedure was used to accurately an-
alyze the peaks, as most Cu3BiS3 thin films reported in 
the literature lack robust fitting of the peaks, possibly due 
to the Bi 4f and S 2p peak overlap or poor signal to 
noise.25,43,49 An XPS survey scan of the Cu3BiS3 thin film 
that was exposed to air is given in the Supporting Infor-
mation (Figure S3). High-resolution Cu 2p, Bi 4f and S 
2p, and S 2s spectra and their corresponding peak fittings 
are given in Figures S4-6, respectively. In addition, the 
peak positions and spin orbit coupling splitting values are 
tabulated in Table S2. It is observed that the Cu 2p spec-
tral region is best fit with a single set of doublets at 952.0 
and 932.2 eV (peak splitting 19.8 eV), which corresponds 
to a single Cu+ environment in our Cu3BiS3 thin film, and 
is consistent with a single Cu+ environment in previously 
reported Cu3BiS3 thin films deposited by thermal evapo-
ration and surface cleaned by Ar+ ion sputtering for sev-
eral hours under vacuum.11,50 Surface oxidation of copper 
would return characteristic peaks at higher binding en-
ergy,51 and as none are seen, we can confirm that no sig-
nificant degree of surface copper oxidation has occurred 
under the film processing conditions. 
 The Bi 4f and S 2p spectra were fit using three sets of 
doublets. Two doublets correspond to two different Bi 
species, both with a splitting of 5.3 eV. The larger doublet 
at 163.4 and 158.1 eV corresponds to Bi3+ in a sulfide en-
vironment,52 and is consistent with other Cu3BiS3 sam-
ples.11,25 The smaller doublet at 163.9 and 158.6 eV cor-
responds to possible surface oxidized Bi species that may 
be an additional amorphous and/or non-stoichiometric 
oxide species on the surface due to Bi2O3 having a higher 
binding energy (~159.1 eV) than the fitted peak (158.6 
eV).52 A third doublet with a 1.2 eV splitting is attributed 
to sulfide S 2p peaks.53 Due to overlap in the Bi 4f and S 
2p spectra, additional peak fitting was conducted on the S 
2s region to further analyze the sulfur species on the 
Cu3BiS3 surface. A singlet observed at 225.8 eV agrees 
with Cu3BiS3 films deposited by thermal evaporation and 
surface cleaned by Ar+ ion sputtering, as no other studies 
have rigorously fit the peaks of the S 2s region.11 A sec-
ond singlet with lower intensity at higher binding energies 
was also fit and this may correspond to carbon contami-
nated sulfur species on the surface from air exposure.11,54 
The amount of surface contaminated sulfur and oxidic Bi 
species can be reduced through surface Ar+ ion sputter-
ing,11 but our films show lower amounts of contaminated 
surface species compared to other reported Cu3BiS3 sam-
ples,11,25,43,49 even when exposed to atmospheric condi-
tions. 

 
3.3 Thin film property measurements. 
The band gap and absorption coefficient of the resulting 
Cu3BiS3 thin films were measured by UV-vis-NIR spec-
troscopy (Figures S7,8). An absorption coefficient a = 
5.0 ´ 104 cm–1 (1.46 eV) was derived from the transmit-
tance spectrum of the resulting 490-nm thick Cu3BiS3 thin 
film annealed to 400 ˚C, which increases to a = 1.1 ´ 105 
cm–1 (2.2 eV). The band gap of our solution deposited thin 
film samples was measured using the inverse logarithmic 
(ILD) method, which was first proposed by Jarosińksi et 
al. and is derived from the Tauc method.55 By using ab-
sorbance data as inputs, the ILD method provides accu-
rate determinations of semiconductor band gaps and has 
been shown to have several advantages over the more 
commonly used Tauc or McLean methods (see Support-
ing Information). We applied the ILD method to absorp-
tion data derived from transmittance spectrum of a 490 
nm Cu3BiS3 thin film (Figure S9). The experimental 
band gap of the Cu3BiS3 thin films was determined to be 
1.47 eV. This optical band gap lies well within the previ-
ously reported experimentally reported band gaps for 
Cu3BiS3 (1.10–1.80 eV).30 
 The reciprocal of the line of best fit from the linear 
regression of the ILD plot gives the exponential factor 
(m), which informs the type of electronic transition. Wit-
tichenite Cu3BiS3 has been calculated and experimentally 
confirmed to be a direct band gap semiconductor.30 From 
this, one would expect an exponential factor m of 0.5 
(slope of 2) for a direct band gap semiconductor. Im-
portantly, Jarosińksi et al. shows that for direct band gap  
 

 
Figure 4. Transient photocurrent response of solution-pro-
cessed Cu3BiS3 thin film deposited on FTO substrates in N2-
saturated 0.1 M Eu(NO3)3 (aq) under a potential of -800 mV 
vs Ag|AgCl (3 M KCl). 
 
thin film samples of TiO2 and MoS2, the exponential fac-
tor yielded values of 1 because of the polycrystalline na-
ture of the sputtered films, which affects the effective di-
mension and dispersion relations of the thin films.55 We 
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find a similar m value of 0.98. From our experimental 
band gap and m value, we conclude our Cu3BiS3 thin 
films can be described as a direct band gap semiconduc-
tor. 
 Electrical conductivity of the Cu3BiS3 thin films was 
measured using the Van der Pauw geometry over the tem-
perature range of 170-300 K. Temperature-dependent re-
sistivity measurements suggest the resulting thin films be-
have like intrinsic semiconductors, where resistivity de-
creases with heating (Figure S10). A positive Hall coef-
ficient with a carrier concentration of 4.2´1017 cm–3 was 
found at 300 K, indicating the p-type nature of our 
Cu3BiS3 thin films. The carrier concentrations decreased 
to 2.2´1013 cm–3 upon cooling to 170 K while carrier mo-
bilities ranged from 0.4-90 cm2 (V•s)–1 across the same 
temperature range. These values are consistent with those 
previously reported for thermally evaporated Cu3BiS3 
thin films, with a carrier concentration of 2´1016 cm–3 and 
carrier mobility of 4 cm2 (V•s)–1.20 
 The potential of using Cu3BiS3 as an effective solar 
absorber was further studied using transient photocurrent 
response measurements. The Cu3BiS3 thin films were in-
terrogated in aqueous 0.1 M Eu(NO3)3, where the Eu3+ 
ions serve as the sacrificial oxidant. A calibrated AM1.5G 
filtered 300 W xenon arc lamp was used to measure the 
photocurrent response of the Cu3BiS3 with a graphite rod 
counter electrode and a Ag|AgCl reference electrode. Lin-
ear sweep voltammetry under chopped illumination 
shows cathodic photocurrent, which increases at poten-
tials negative of -400 mV vs Ag|AgCl (Figure S11), fur-
ther supporting the assignment of these Cu3BiS3 thin films 
as p-type semiconductors. The transient photocurrent re-
sponse of a Cu3BiS3 thin film under chopped illumination 
at a fixed potential of -800 mV vs Ag|AgCl is given in 
Figure 4. This controlled potential electrolysis gave pho-
tocurrent densities >80 μA cm−2; this current density ex-
ceeds those measured for p-type Cu3BiS3 thin films pre-
pared by electrodeposition, which gave photocurrent den-
sities of ~10 μA cm−2 at -350 mV vs Ag|AgCl under 
AM1.5G illumination.25 To prove the photocurrent re-
sponse resulted from Eu3+ reduction and not photocorro-
sion, we tested the photocurrent response over a 20 min 
period and found the response to be steady at 60 μA cm−2 
(Figure S12). 

4. CONCLUSIONS 
We showed the utility of thiol-amine solvent mixtures to 
solution process phase pure Cu3BiS3 thin films using a 
semiconductor ink prepared by dissolving bulk CuO and 
Bi2S3 powders in the proper stoichiometric ratio. The re-
sulting thin films possess a direct band gap Eg = 1.47 eV 
with a high absorption coefficient through the visible 
spectrum of a = 105 cm–1. We investigated the properties 
of the Cu3BiS3 thin films and confirmed that the elec-
tronic properties and photocurrent responses rival prior 
thin films of Cu3BiS3 prepared by other deposition meth-
ods. 

 The alkahest method has shown to be a reliable solu-
tion-based route for other high efficiency multinary chal-
cogenide thin film solar cells. We believe solution-pro-
cessed Cu3BiS3 absorber layers, with its stable photocur-
rent response, highlight the potential for this material in 
solar energy conversion applications, including as poten-
tial photocatalysts or photodetectors. 
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